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Using density functional theory, we investigate the electronic and magnetic properties of 3d
transition-metal adatoms adsorbed on a monolayer of Mn on W(110). Mn/W(110) has a noncollinear
cycloidal spin-spiral ground state with an angle of 173◦ between magnetic moments of adjacent Mn
rows. It allows to rotate the spin orientation of an adsorbed magnetic adatom quasi-continuously.
Therefore, this surface is ideally suited for manipulating the spin direction of individual atoms and
exploring their magnetic properties using scanning tunneling microscopy (STM). The adsorbed V
and Cr transition-metal adatoms couple antiferromagnetically to the nearest neighbor Mn atom of
Mn monolayer while Mn, Fe, Co, and Ni couple ferromagnetically. The magnetic moments of the
3d adatoms are large and show a Hund’s rule type of trend with a peak in the middle of the series.
We find large spin splitting of the 3d transition-metal adatoms, large spin polarization of the local
vacuum density of states up to 73% at the Fermi energy, and significant tunneling anisotropic mag-
netoresistance enhancement up to 27%. We conclude that such large values stem from the strong
hybridization between the adatoms and the Mn atoms of the monolayer. Furthermore, identification
of spin orientations of the adatom using spin-polarized STM is only possible for Co and V adatoms.
I. INTRODUCTION
In the field of spintronics, noncollinear magnetic struc-
tures, such as chiral domain walls1–3, skyrmions4–8, and
spin spirals9,10 are being investigated extensively by
many research groups due to their fascinating dynamical
and transport properties11,12. A monolayer Mn grown
on W(110) [Mn/W(110)] is a very prominent example
for a cycloidal spin-spiral ground state which is driven
by the Dzyaloshinskii-Moriya interaction13. Another ex-
citing research direction is single magnetic adatoms and
nanostructures on such noncollinear surfaces14–16. For
example, using the surface of Mn/W(110) with a non-
collinear magnetic structure, the spin orientation of an
adsorbed adatom can be controlled due to local exchange
coupling without the presence of an external magnetic
field. Thereby, the transport properties of magnetic
adatoms as a function of spin direction can be probed
using spin-polarized scanning tunneling microscopy (SP-
STM)17–19. Recently, even a simultaneous measurement
of the spin-polarized tunneling current and of the local
exchange force between a magnetic tip and a surface with
a noncollinear spin structure has been obtained20,21.
Using SP-STM, Serrate et al. have imaged the
spin direction of individual Co adatoms adsorbed on
Mn/W(110)22,23. These experiments show that by means
of SP-STM, the spin direction of the Co adatom can be
controlled while maintaining the magnetic sensitivity by
laterally moving the adatom along the Mn/W(110) sur-
face. In a recent theoretical investigation24, the authors
explained the shape asymmetry observed in the SP-STM
by Serrate et al.22,23 and showed that the noncollinear
spin states of the Mn layers of Mn/W(110) are also re-
flected in the orbitals of the adsorbed Co adatom due to
strong hybridization between the 3d orbitals of the Co
adatom and Mn atoms of the surface. It is an interesting
question whether the characteristic features observed for
Co adatoms adsorbed on Mn/W(110) can also be seen for
other 3d transition-metal (TM) adatoms. However, such
investigations, both theoretically and experimentally, are
missing.
One aspect of such studies will be to compare the struc-
tural, magnetic, and electronic properties of various 3d
TM adatoms adsorbed on Mn/W(110). It will be inter-
esting to understand the origin of spin-polarized electrons
observed near the Fermi energy (EF ) in SP-STM exper-
iments for other 3d TM adatoms. The origin of spin-
polarized electrons are based on two main arguments25:
(i) one would expect d electrons of the 3d TM adatoms
to dominate at the apex atom of the tip. (ii) Another
argument is that in the vacuum region the local density
of states (LDOS), the prominent quantity for the tun-
neling current, can be dominated by more de-localized
s or p electrons. The spin orientation of Co adatoms
on Mn/W(110) can be identified in SP-STM experiments
due to the presence of majority and minority states of dif-
ferent orbital symmetry near EF
22,24–26. Whether simi-
lar observations can be made for other 3d TM adatoms
adsorption are subject of investigations.
The other aspect of the experiment of Co adatoms
on Mn/W(110) is the indirect evidence of tunneling
anisotropic magnetoresistance (TAMR) which has been
observed in the STM line profiles22,23. The TAMR is very
appealing for spintronic applications as it can be observed
with only one ferromagnetic electrode and it does not
need any coherent spin-dependent transport27,28. TAMR
has been observed in various systems, such as planar fer-
romagnetic surfaces29,30, tunnel junctions31–34, mechani-
cally controlled break junctions35,36. TAMR values of ∼
10% have been observed in these cases.
Since TAMR is driven by spin-orbit coupling (SOC),
researchers have been trying to increase the TAMR by
using elements having significant SOC. Ne´el et al. have
recently achieved ≈ 12% TAMR by adsorbing Co adatom
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2on a bi-layer Fe film grown on a W(110) substrate37. A
TAMR of up to 30% mediated by surface states has been
reported recently for Co films on Ru(0001)38. TAMR
values of ≈ 20% have also been achieved using suitably
oriented Pb dimers on the Fe double layer on W(110)39.
Recently, we have predicted up to 60% TAMR for Pb
and Bi adatom and dimers adsorbed on Mn/W(110)40.
In an earlier theoretical study, Caffrey et al. have com-
pared the electronic structure, magnetic properties, and
TAMR for Co, Rh, and Ir adsorbed on Mn/W(110) and
predicted ≈ 50% TAMR values for the Ir adatom adsorp-
tion41. However, there is no systematic study of TAMR
for other 3d TM adatoms on Mn/W(110) available in the
literature.
Here, we explore the adsorption of various 3d TM
adatoms on Mn/W(110) and compare their structural,
magnetic, and electronic properties, spin polarization of
the vacuum LDOS, and the TAMR effect using first-
principles density functional theory (DFT) calculations.
Our results for Co adatoms on Mn/W(110) match well
with previously published results22,24,41. We have locally
approximated the spin structure of Mn/W(110) as a two-
dimensional antiferromagnet42. Using the local exchange
interaction, the magnetization direction can be tuned
quasi-continuously on this substrate with noncollinear
magnetic ordering41. However, for simplicity, we have
considered two limiting cases of spin direction: (i) out-of-
plane where the magnetization direction is perpendicular
to the surface and (ii) in-plane where the magnetization
direction is pointing along the [110] direction. Our cal-
culations show that V and Cr transition-metal adatoms
couple antiferromagnetically to the nearest neighbor Mn
atom of Mn monolayer while Mn, Fe, Co, and Ni cou-
ple ferromagnetically. The magnetic moments of the 3d
adatoms are large and show a Hund’s rule type of trend
with a peak in the middle of the series. Large values of
the spin polarization of the vacuum LDOS up to 73% at
EF and significant enhancement of TAMR values ranging
from ≈ 17% up to ≈ 27% due to local enhancement of
SOC are found due to strong hybridization. Furthermore,
as for Co adatoms on Mn/W(110), our results show that
the spin orientation of the respective adatom can only be
distinguished in SP-STM experiments for V adatom.
This paper is organized as follows. First, we briefly
discuss the computational methods for our calculations
in section II. Then we present the relaxed geometries and
give a detailed analysis of the electronic structure and
magnetic moments of the 3d TM adatoms on Mn/W(110)
in section III A. Here, we particularly focus on the spin
polarization in the vacuum LDOS which is amenable to
experiments and hybridization effects with the substrate.
Furthermore results for the TAMR of the adatoms will
be presented as well as explained by means of a simplified
model of two localized atomic surface states interacting
via SOC (section III C 3). Finally, we summarize our
main conclusions in section IV.
II. COMPUTATIONAL DETAILS
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Figure 1. (a) Top view and (b) perspective view of the super-
cell used for the adatom on Mn/W(110) calculations. Gray
spheres represent the W substrate while the Mn atoms are de-
picted as red (blue) spheres with arrows showing the approx-
imated antiferromagnetic order with respect to the adatom
(purple sphere). ‘NN’ and ‘NNN’ refer to the nearest neighbor
and next nearest neighbor Mn atoms of the adatom, whereas
x and y refer to the labeling of the d-orbitals.
In this work density functional theory (DFT) calcu-
lations have been performed within the projector aug-
mented wave method (PAW)43,44 as implemented in the
vasp code45,46. Exchange-correlation effects are taken
into account within the generalized gradient approxima-
tion (GGA) of Perdew-Burke-Ernzerhof (PBE)47,48. An
energy cutoff of 450 eV has been used to converge the
plane wave basis set. Structural relaxations for the po-
sitions of the adatoms and the Mn atoms of the mono-
layer have been carried out using a 6 × 6 × 1 k-point
Monkhorst-Pack mesh49 and with a force tolerance of
10−2 eV /A˚. The effect of SOC has been included within
the noncollinear mode of vasp as implemented by Hobbs
et al.50. Here, 400 k‖-points in the full two-dimensional
Brillouin zone are used for computing the LDOS directly
at the adatom as well as in the vacuum. The density of
states in the vacuum was calculated by placing an empty
sphere at a specific height above the adatom onto which
the density of states was projected.
The DFT calculations for the Mn/W(110) system have
been carried out using a symmetric slab consisting of
five atomic layers of W with a pseudomorphic Mn layer
- as experimentally observed51 - on each side. We have
used the GGA lattice constant of W (3.17 A˚) for our cal-
culations as it agrees well with the experimental value
of 3.165 A˚. We have approximately considered the lo-
cal magnetic order of the system collinear due to the
long periodicity of the spin spiral ground state of the
Mn/W(110) substrate. Therefore, we approximate the
local magnetic order as a two-dimensional antiferromag-
net (AFM) using a c(4 × 4) AFM surface unit cell, as
shown in Figs. 1(a) and 1(b). The respective adatom is
centered in the hollow-site position within the unit cell
on both sides of the slab. The minimum distance be-
tween the periodic images of the adatom is 6.34 A˚, which
3is large enough to keep the interactions between the peri-
odic adatoms negligible. In the case of V and Cr adatoms,
we have used a larger c(6 × 6) AFM surface unit cell as
the d orbitals of these elements have a larger radial ex-
tent due to the smaller attractive Coulomb potential of
the nucleus. The minimum distance between the periodic
images of the adatoms amounts to 9.51 A˚ in these cases.
Calculations of the adsorption of a Mn atom have shown
that this element represents a limiting case in which the
smaller c(4 × 4) AFM surface unit cell is still sufficient
to keep interactions between periodic adatoms negligible.
In addition, a thick, approximately 25 A˚, vacuum layer
is included in the z direction normal to the surface to
remove interactions between periodic slabs.
The binding energy Eb of a 3d adatom adsorbed on
Mn/W(110) is defined as
Eb = [ N ∗ E(3d) + E(Mn/W (110))
− E(3d@Mn/W (110)) ] / N (1)
where E(3d@Mn/W (110)) and E(Mn/W (110)) are the
total energies of the optimized Mn/W(110) surface with
and without 3d adatom adsorption, respectively. E(3d)
is the energy of an isolated 3d adatom placed in a cubic
cell of 30 A˚ (only the Γ point of the Brillouin zone was
sampled in this case). N is the number of adatoms in
the supercell. Here, N = 2, as we have used a symmetric
slab.
III. RESULTS AND DISCUSSION
A. Structural and magnetic properties
Table I. Binding energy per adatom [Eb] (in eV), distance
(in A˚) of 3d transition-metal adatoms from nearest neighbor
(NN) [dNN], next-nearest neighbor (NNN) [dNNN] Mn atoms
of the Mn monolayer on W(110) and from the Mn monolayer
[dZ]. ∆x, ∆y and ∆z specify the displacement with respect
to the clean surface of the NN and NNN Mn atoms after
adsorption of the respective adatom. Positive (negative)
values imply that the Mn atoms move towards (away from)
the adatom. The calculated distances for the Co adatom
match well with the previously published result of Caffrey et
al.41.
V Cr Mn Fe Co Ni
Eb 4.25 2.69 2.80 3.71 4.10 4.31
dNN 2.09 2.36 2.50 2.33 2.26 2.30
dNNN 2.77 2.89 2.69 2.62 2.61 2.63
dZ 1.56 1.80 1.84 1.68 1.60 1.64
∆zNN −0.03 −0.03 −0.14 −0.12 −0.08 −0.06
∆zNNN +0.01 +0.01 +0.05 +0.04 +0.07 +0.09
∆xNN +0.21 +0.08 −0.10 +0.01 +0.02 −0.02
∆yNNN −0.06 −0.04 +0.12 +0.11 +0.09 +0.09
We start our discussion with the modification of struc-
tural and magnetic properties of the Mn/W(110) surface
due to the adsorption of individual adatoms from the 3d
TM series (see Table I).
A noticeable buckling of the Mn monolayer in the
vicinity of the adsorption site can be observed due to
structural relaxations. After the adsorption of 3d TM
adatoms, the nearest neighbor (NN) Mn atoms move
away from the adsorbate. These movements are rela-
tively larger for the adatoms from the middle of the 3d
series (Mn and Fe) as compared to the elements either be-
ginning or end of the 3d series (V and Ni). In contrast,
the displacements of the next-nearest neighbor (NNN)
Mn atoms, which move slightly towards the respective
3d TM adatoms, are small. However, we found no gen-
eral trend concerning the displacements of the atomic
positions in the Mn monolayer along the 3d series. In
addition it can be seen that both the distances between
the adatom and the NN Mn atoms as well as their dis-
tance from the surface become maximal in the middle of
the series (for the Mn adatom) and decrease again for the
other adatoms. This effect can be explained by means of
the covalent radius which is largest for the Mn adatom
and by means of the binding energy with the underlying
surface. As it can be seen from Table I, the binding en-
ergy becomes minimal for the Cr and Mn adatom which
is the consequence of a weak metallic bond with the Mn
monolayer due to nearly half-filling of the 3d band and
large exchange splitting.
Table II. Spin magnetic moments (in µB) of the adsorbed
3d transition-metal adatoms (µspin) as well as the nearest
neighbor (NN) and next-nearest neighbor (NNN) Mn atoms
of the Mn monolayer on W(110). For comparison, the
spin magnetic moment of the Mn atoms from the clean
Mn/W(110) surface is also tabulated. The calculated spin
moment values for the Co adatom match well with the
previously published result of Caffrey et al.41. The orbital
moments µorb (in µB) of the adsorbed 3d adatoms are also
tabulated for completeness.
V Cr Mn Fe Co Ni
µspin −1.54 −3.69 +3.86 +2.79 +1.61 +0.39
MnNN +1.82 +2.84 +2.33 +2.28 +2.59 +2.93
MnNNN −3.19 −3.28 −3.36 −3.25 −3.33 −3.43
Mnclean ±3.41 ±3.41 ±3.41 ±3.41 ±3.41 ±3.41
µorb 0.03 0.02 0.01 0.10 0.12 0.04
The magnetic moments of the 3d transition-metal
adatoms, the NN Mn atoms, and the NNN Mn atoms af-
ter the adsorption of the 3d TM adatoms on Mn/W(110)
are given in Table II. The magnetic moments of Mn atoms
of the clean Mn/W(110) surface are ±3.41 µB. The mag-
netic moments of the 3d adatoms display a Hund’s rule
like trend of an increase towards the middle of the se-
ries and a decrease towards the end as observed for such
adatoms on other surfaces. The moment of the Mn mono-
layer is reduced after the adsorption of the adatoms due
to the hybridization between NN Mn atoms and the re-
spective adatom. In all cases a significant reduction of the
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Figure 2. Comparison of the scalar relativistic calculated local density of states (LDOS) of all studied 3d transition-metal
adatoms on Mn/W(110). The majority states which are defined with respect to the nearest neighbor Mn atoms in the Mn
monolayer are depicted in blue color, the minority states in red color, respectively. The magnetic moments of each 3d TM
adatom are noted additionally in order to relate them to the exchange splitting of the spin channels.
magnetic moment can be observed for the NN Mn atoms,
in particular for the V adsorbate where it is reduced by
1.6 µB. The V adatom itself, due to the hybridization
with underlying Mn layer, carries a magnetic moment of
−1.54 µB thereby coupling antiferromagnetically (AFM)
with the NN Mn atoms and ferromagnetically (FM) with
the NNN Mn atoms (see Table II). The same holds true
for the Cr adatom, whereas for the rest of the 3d TM
series a FM coupling between the respective adatom and
the NN Mn atoms of the Mn monolayer is favored by
the exchange interaction. It is worth mentioning that
an AFM alignment with the NN Mn atoms could also be
stabilized in the case of Fe and Co adsorption. While our
calculations reveal a very small energetic difference of 6
meV between FM and AFM state for the Fe adatom, this
difference is significantly larger for the Co adatom with
108 meV. This large value matches well with previous
reports of the Co adatom on Mn/W(110)22,41. A possi-
ble FM coupling between the Cr adsorbate and the NN
Mn atoms can also be stabilized. However, this state is
energetically unfavorable by 197 meV per Cr adatom as
compared to the case of an AFM alignment.
The reduction of magnetic moment can also be seen
for the NNN Mn atoms, albeit the effect of hybridization
is less pronounced in these cases. The largest drop for
the magnetic moment occurs for V adatom adsorption
where the magnetic moments of the NNN Mn atoms are
reduced by 0.22 µB. It matches with the trends observed
in relaxations, where large hybridization due to larger
extent of 3d orbitals occurs at the beginning (V, Cr) of
3d series and become smaller at the end (Ni).
Figure 2 shows a comparison of the LDOS of the 3d
orbitals of the adatoms. The calculations show a good
agreement of the exchange splitting of the majority and
minority bands and the corresponding magnetic moments
of the adatoms. For V and Ni we observe only a minor
spin splitting, whereas a larger separation between the
3d bands can be observed for Cr, Mn, Fe, and Co. Es-
pecially for the Mn adatom an asymmetric occupation
of the majority and minority channel becomes noticeable
with the former being almost completely occupied and
sharply localized between 2 and 3 eV below EF and the
latter being located in the unoccupied region above EF .
In addition, one sees the rising electronic occupation of
the 3d shell from V to Mn by means of a shift of the ma-
jority bands (minority bands in the case of Cr and V due
to the AFM alignment) towards lower energies. Since
the majority states are fully occupied at the middle of
the series in the case of the Mn adatom, one can see an
analogous shift of minority bands as one goes from Fe to
Ni. This effect is also known to appear for free 3d atoms.
5B. Electronic structure and spin polarization
In this section we analyze the electronic structure in
detail for each 3d TM adatom on the Mn/W(110) surface
within a small energy range (±1 eV) around EF which
is typically accessible to STM. In this connection we first
recall the most important aspects of the already investi-
gated properties of the Co adatom 22,41 near the Fermi
level before proceeding with the other adatoms from the
3d TM series. Here, we begin our discussions with the Fe
adatom focusing on the local density of states (LDOS)
and its experimentally accessible spin polarization in the
vacuum. Special attention will also be turned to the hy-
bridization between the adatom 3d orbitals and the un-
derlying Mn monolayer. We chose Fe as a starting point
since the neighboring Co adatom in the periodic table on
Mn/W(110) serves as a reference system for comparison
concerning the electronic properties.
1. Co adatom on Mn/W(110)
The orbital decomposition of the spin-resolved LDOS
of the Co adatom on Mn/W(110) is plotted in Figs. 3(b)-
3(d). In accordance with previous findings, EF is domi-
nated by minority states of dyz and dxy character whose
double-lobed structure can be observed in SP-STM ex-
periments22,41. The majority states on the other hand
are almost completely occupied and therefore quite flat
in the vicinity of the EF . One aspect that has not been
investigated yet is the spin polarization in the vacuum
which is defined as
P (z, ) =
n↑(z, )− n↓(z, )
n↑(z, ) + n↓(z, )
× 100% (2)
with n↑ (n↓) denoting the majority (minority) states with
respect to the NN Mn atoms of the Mn monolayer on
W(110). These quantities are shown in Fig. 3(a) along
with the corresponding spin-resolved vacuum LDOS52.
While it exhibits an already large value of +58% directly
at the Fermi level, the largest value of +88% can be found
at approximately −0.75 eV. Smaller values of this quan-
tity with up to +45% are found in the unoccupied region
at +0.5 eV; here also negative values of up to −29% can
be observed. A closer look at the orbitally resolved LDOS
of the adatom reveals that due to the large spin splitting
of the 3d states most of the high values in the spin polar-
ization are caused by the much less split pz and s states of
both spin channels of the adatom [see Fig. 3(b)]. Apart
from a hybrid s-pz-dz2 state at −0.75 eV generating the
largest positive value of +88% it is mainly their peak
structure which is visible in the vacuum LDOS.
2. Fe adatom on Mn/W(110)
Figure 4(a) shows the spin-resolved LDOS calculated
in the vacuum at a height of 6 A˚ above the Fe adatom.
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Figure 3. (a) Spin-resolved LDOS in the vacuum calculated
6 A˚ above the Co adatom on Mn/W(110) for an out-of-plane
magnetization direction, i. e., including SOC. The spin polar-
ization of the vacuum LDOS according to Eq. (2) is depicted
in red color. (b) Spin-resolved LDOS of the s and pz states
of the Co adatom. (c) and (d) orbital decomposition of the
LDOS of the Co adatom in terms of the majority (up) and
minority (down) states as well as the orbital symmetry of the
d-states. The orange up and down arrows indicate majority-
and minority-spin channels, respectively.
While the minority states are quite flat in the presented
energy window and do not exhibit any features, the ma-
jority states are characterized by a few clearly discernible
local maxima. One of the local maxima can be observed
at 0.77 eV below EF , whereas a double peak structure be-
comes visible between 0.5 and 0.7 eV above EF . A closer
look at the orbitally decomposed LDOS of the adatom
[Figs. 4(b)-(d)] reveals that the prominent feature in the
vacuum below EF stems from the majority hybrid pz-dz2
and s states which could already be observed for the Co
adatom [cf. Fig. 3]. However, the double peak structure
above EF arises due to the presence of majority s and pz
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Figure 4. (a) Spin-resolved LDOS in the vacuum calculated
6 A˚ above the Fe adatom on Mn/W(110) for an out-of-plane
magnetization direction, i. e., including SOC. The spin polar-
ization of the vacuum LDOS according to Eq. (2) is depicted
in red color. (b) Spin-resolved LDOS of the s and pz states
of the Fe adatom. (c) and (d) orbital decomposition of the
LDOS of the Fe adatom in terms of the majority (up) and
minority (down) states as well as the orbital symmetry of the
d-states. The orange up and down arrows indicate majority-
and minority-spin channels, respectively.
states. Orbitals of this symmetry were expected to con-
tribute in large part to the LDOS in the vacuum due to
their strong delocalization. In contrast, dominant local-
ized minority peaks with dx2−y2 and dxy character which
are also present above EF [Fig. 4(d)] are not visible in
the vacuum since their lobes lie in-plane.
The above mentioned striking features of the vacuum
LDOS give rise to large positive values of the spin po-
larization as well which is shown on a second axis in
Fig. 4(a). At the respective positions of the local max-
ima, the spin polarization takes on values ranging from
74% up to 84%, while the effect is slightly smaller at EF
with a value of 55%. However, this value is still nearly
three times higher than the one of 20% which has recently
been reported for the clean Mn/W(110) surface21. As al-
ready shown in Table II, a Mn atom in the monolayer
on the W(110) substrate exhibits a large spin moment
of 3.41 µB thereby causing a large exchange splitting of
the 3d bands which are shifted away from EF . Instead
the less spin polarized pz orbitals dominate at EF
21. In
the case of a deposited Fe adatom the much higher spin
polarization can be explained by the pz and additionally
s states at EF as well, especially the ones with majority
character (see Fig. 4(b)).
Comparing further the electronic structure of the Co
adatom on Mn/W(110) 22,24,41 with the one of a Fe
adatom, one sees that the LDOS of the latter is dom-
inated by minority states with dz2 and dx2−y2 states at
EF . The minority states with dyz and dxy character
which were found at EF for the Co adatom are shifted
towards higher energies of 0.5 to 0.7 eV above EF for
the Fe adatom. This is due to the larger spin splitting
and consequent different magnetic moment on the one
hand and due to one missing electron in the 3d orbitals
on the other hand (see Fig. 4(c)). In contrast to the mi-
nority states, the majority 3d as well as p bands of the
Fe adatom are not affected by this energetic shift (see
Fig. 2).
In the next step we take a closer look at the hybridiza-
tion between the Fe adatom and the substrate. This is
firstly exemplified by comparing the spin-resolved LDOS
of the adsorbate and its neighboring Mn atoms shown
in Figs. 5(a) and 5(b). As already indicated before, hy-
bridization between different states can be recognized by
peaks in the LDOS being located at the same energy po-
sition, e.g. at −0.75 eV between the dominant majority
dz2 state of the Fe adatom and the majority 3d states of
the NN Mn atoms on the surface (the same behavior is
observed for the respective minority states at this ener-
getic position). Further evidence of such interaction can
be found just below EF for both minority Fe and NN Mn
states and at −3 eV in the majority spin channel of the
adatom and the substrate. The large spin splitting of the
Fe adatom becomes clearly visible resulting in a magnetic
moment of +2.79 µB. As mentioned earlier, the majority
bands are nearly occupied, whereas the minority states
predominating at EF are only half full.
This aspect can also be seen in the spin polarization
calculated directly at the Fe adatom [Fig. 5(c)]. Consis-
tent with the LDOS, this quantity changes sign at −1
eV dropping from maximum values of +96% at −3 eV
to a local minimum of −93% directly at EF . Since these
energetic positions are matching quite well with the ones
mentioned above with respect to the hybridization be-
tween the adatom and the surface, one can conclude that
the high spin polarization of the Fe adatom is due to spin
splitting of d-bands. It should also be pointed out here
that the large negative spin polarization in the vicinity
of the EF of the Fe adatom is a result of its minority d
states covering the contributions of s and p orbitals (not
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Figure 5. (a) Spin-resolved LDOS of the nearest neighbor
(NN) and next-nearest neighbor (NNN) Mn atoms of the Fe
adatom in the Mn monolayer on the W(110) surface. (b)
Spin-resolved LDOS of the Fe adatom (sum of 3d orbitals).
(c) Spin polarization of the Fe adatom as in Eq. (2) using
the spin-resolved LDOS at the Fe atom. The orange up and
down arrows indicate majority- and minority-spin channels,
respectively.
shown). However, as pointed out earlier 25, the delocal-
ized majority pz states generate large positive values of
up to 55% in the vacuum close to the EF instead (cf.
Fig. 4(a)).
In order to visualize the hybridization between the
Fe adatom and the Mn atoms of the Mn monolayer on
W(110) more clearly we calculated the spin-resolved par-
tial charge density in a small energy range below EF
where dominant peaks in the LDOS can be observed.
This is the case for the minority dx2−y2 and dz2 orbitals
of the Fe adatom at approximately EF − 0.05 eV [see
Figs. 4(c) and 4 (d)]. Figure 6 shows both the top view
at a height of 3 A˚ above the Fe adatom in the vacuum
as well as the side view parallel to the [001] direction of
the unit cell at the aforementioned energy. For both spin
channels one can identify rotationally symmetric orbitals
from the top which are elongated along the [001] direc-
tion for the case of the majority states and squeezed for
the case of the minority states, respectively [Figs. 6(a)
and 6(b)]. The corresponding cross-sectional plots reveal
that the majority spin channel of the Fe adatom exhibits
a state composed of dxz, pz, and s orbitals at this en-
ergy [Fig. 6(c)]. However, the double-lobed structure of
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Figure 6. (a, b): Spin-resolved partial charge density calcu-
lated at a height of 3 A˚ above the Fe adatom on Mn/W(110) in
the energy interval [EF − 0.064, EF − 0.044 eV]. (c, d): Side
view of the respective partial charge densities shown above
represented as cross-sectional plots through the Fe adatom
parallel to the [001] direction. The zero point on the height
scale is defined by the position of the Mn monolayer. Both
majority and minority spin channels are plotted on the same
color scale in order to ensure comparability of the two spin
channels.
the low-intensity dxz state is completely covered by the
rotationally symmetric s orbitals and pz orbitals in the
vacuum. The minority spin channel [Fig. 6 (d)] shows a
mixed state consisting of the above-mentioned dz2 and
dx2−y2 orbitals at this energy which strongly hybridizes
with the dz2 states of the NN Mn atoms. Their orbitals
are not aligned parallel to the surface normal anymore,
but tilted towards the adatom orbitals instead [Fig. 6(d)].
Besides, one can observe an accumulation of the charge
density at the interface between the substrate and the
adatom (see green shaded area in Fig. 6(d)).
In comparison for the Co adatom on
Mn/W(110)22,24,41, it has been shown that the majority
spin channel is characterized by a composite state of
rotationally symmetric s, pz and dz2 orbitals, whereas
the minority channel is dominated by a double-lobed
dyz orbital in the vicinity of EF . Therefore, using
SP-STM it is possible to display both spin channels
independently and hence read out the spin orientation
of the Co adatom by a magnetic tip22,23. However, our
calculations reveal that the same cannot be realized
8for the Fe adatom adjacent in the 3d row, at least by
imaging at typically small bias voltages, due to the
rotational symmetry of the orbitals which are visible in
the vacuum.
3. Ni adatom on Mn/W(110)
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Figure 7. (a) Spin-resolved LDOS in the vacuum calculated
6 A˚ above the Ni adatom on Mn/W(110) for an out-of-plane
magnetization direction, i. e., including SOC. The spin polar-
ization of the vacuum LDOS according to Eq. (2) is depicted
in red color. (b) Spin-resolved LDOS of the s and pz states
of the Ni adatom. (c) and (d) orbital decomposition of the
LDOS of the Ni adatom in terms of the majority (up) and
minority (down) states as well as the orbital symmetry of the
d-states. The orange up and down arrows indicate majority-
and minority-spin channels, respectively.
Next we consider the electronic structure of a single
magnetic Ni adatom on the Mn/W(110) surface and com-
pare it with the previously presented density of states of
the Co adatom on the Mn monolayer on W(110). Ni
possesses one more electron in its 3d shell than Co and
carries a much smaller magnetic moment of +0.39 µB
upon adsorption on the Mn monolayer. This leads to
a reduced spin splitting of the states compared to the
adsorbed Co adatom, which has a magnetic moment of
+1.61 µB. These differences with respect to the occu-
pation and magnetic moment can be clearly seen in the
LDOS of the Ni s, p and d states in Figs. 7(b)-7(d).
The minority states are shifted towards lower energies
which can partly be explained by the above mentioned in-
creasing occupation of electrons and partly by the small
spin-splitting. As a result both majority and minority
d states are almost entirely occupied and EF is dom-
inated by pz and s states. For instance, the minority
state with dyz symmetry which was found at EF of Co
is shifted towards lower energies by 0.3 eV in the case
of Ni [Fig. 7(c)]. The same holds true for a peak of mi-
nority dx2−y2 orbitals at 0.21 eV which is located at a
higher energy for Co. The majority states below EF on
the other hand are likewise dominated by the large peak
of the hybrid s- pz-dz2 state around −0.71 eV which ex-
periences a splitting into two local maxima in the case of
the Ni adatom.
The above mentioned two peaks also represent the
most noticeable feature of the vacuum LDOS in the oc-
cupied region causing a maximum value in the spin po-
larization of +59% as it can be seen in Fig. 7(a). Directly
at EF the spin polarization is in the same order of magni-
tude and can be attributed to pz and s states only similar
to the case of Co and Fe. As for the Co and Fe adatom,
the unoccupied energy range in the vacuum is dominated
by states of s and pz symmetry which leads to positive
and negative values in the spin polarization. For exam-
ple, this can be observed at approximately 0.26 eV where
a large component of minority bands exceeds the major-
ity curve thereby generating a spin polarization of up to
−31% according to Eq. (2). Further it should be noted
that between 0.4 eV and 0.6 eV above EF the same two
majority pz peaks can be observed which are also present
in the case of the Co adatom on Mn/W(110).
4. Mn adatom on Mn/W(110)
Here we investigate the local density of states of a sin-
gle magnetic Mn adatom adsorbed on the Mn monolayer
on W(110). In comparison with the neighboring Fe and
the reference Co adatom, the 3d states of the Mn adatom
are characterized by an even larger spin splitting on the
one hand and less electronic occupation of the d shell on
the other hand.
Fig. 8(a) shows the spin resolved vacuum LDOS calcu-
lated at 6 A˚ above the Mn adatom. As for the Fe adatom,
it is mainly dominated by peaks of majority states while
the minority LDOS is flat and does not exhibit any spe-
cial features. The orbitally decomposed LDOS of Mn
[Figs. 8(b)-8(d)] shows that apart from the majority hy-
brid s-pz-dz2 state which is also present at −0.92 eV for
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Figure 8. (a) Spin-resolved LDOS in the vacuum calculated 6
A˚ above the Mn adatom on Mn/W(110) for an out-of-plane
magnetization direction, i. e., including SOC. The spin polar-
ization of the vacuum LDOS according to Eq. (2) is depicted
in red color. (b) Spin-resolved LDOS of the s and pz states
of the Mn adatom. (c) and (d) orbital decomposition of the
LDOS of the Mn adatom in terms of the majority (up) and
minority (down) states as well as the orbital symmetry of the
d-states. The orange up and down arrows indicate majority-
and minority-spin channels, respectively.
this adatom the vacuum LDOS is mainly composed of
states with s and pz character again. It is also clear that
the energetic positions of the unoccupied majority s and
pz bands are independent of the chosen 3d TM adatom
since there are no d states available for this spin char-
acter in that energy range. Similar as for Fe adatom
on Mn/W(110), the spin polarization of the Mn adatom
takes large positive values caused by s and pz states and
ranging from 87% at −0.92 eV due to the presence of the
majority hybrid s-pz-dz2 state to 63% close to EF .
In addition, it is apparent by means of the orbitally
decomposed LDOS of the Mn adatom that the majority
3d states are almost entirely occupied. As discussed in
the section III A, these states are sharply localized in the
energy interval between −3 eV and −2 eV (see Fig. 2). In
contrast to the Fe adatom, here EF is predominated by
minority states with dxz character. The shift of the bands
due to the different magnetic moment and occupation is
also clearly visible in this case. The peaks with minority
dz2 and dx2−y2 states, which are observed below EF for
the Fe adatom, are now moved by 0.6 eV towards the
unoccupied region. The same applies to the minority dyz
state dominating the EF of the reference adatom Co; it
is located at 0.9 eV above EF in the case of Mn [see
Fig. 8(c)].
5. Cr adatom on Mn/W(110)
Now we consider the electronic structure of a Cr
adatom on Mn/W(110). In contrast to the reference Co
adatom, Cr carries a much larger magnetic moment of
−3.69 µB thereby realizing an AFM alignment with its
NN Mn atoms of the Mn monolayer. The higher mag-
netic moment is accompanied by an increased spin split-
ting of the 3d states, i. e., they are expected to move
further apart. As in the case of Mn, both the larger spin
splitting of the states and the reduced occupation of the
majority bands compared to the Co adatom become ev-
ident in the LDOS of the Cr adatom shown in Figs. 9(c)
and 9(d). The minority bands are densely populated by
states of dx2−y2 , dz2 and a prominent peak of dyz symme-
try for the presented energy range in the case of the Cr
adatom. This behavior is different from the neighboring
Mn adatom, for which the similar majority states (since
it is coupled ferromagnetically with the NN Mn atoms)
are already shifted further below EF due to the increased
electronic occupation. The minority dxz bands dominat-
ing the Fermi level of Mn [cf. Figs. 8(d)] can be found
at higher energies between 0.2 and 0.5 eV in the major-
ity channel in the case of Cr now. In exactly the same
way as for the previous investigated 3d TM adatoms on
Mn/W(110), the structure of the pz and s states emerges
in the vacuum LDOS at a height of 6 A˚ above the Cr
adatom leading to large negative values of −73% (due
to the AFM coupling) for the spin polarization in the
vicinity of EF [Fig. 9(a)]. The most prominent feature of
the vacuum density of states of the previous investigated
adatoms - the dominant majority hybrid s-pz-dz2 state -
is missing in the minority spin channel for the Cr adatom
as it can be seen from Figs. 9(a) - 9(c). Though there
is still a small peak of dz2 character at ≈ 0.1 eV above
EF , it does not interact with the pz states anymore, but
rather with a minority dx2−y2 state at the same energy.
6. V adatom on Mn/W(110)
The last adatom of the 3d series that we have inves-
tigated is V. In bulk it is non-magnetic but, as we have
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Figure 9. (a) Spin-resolved LDOS in the vacuum calculated
6 A˚ above the Cr adatom on Mn/W(110) for an out-of-plane
magnetization direction, i. e., including SOC. The spin polar-
ization of the vacuum LDOS according to Eq. (2) is depicted
in red color. Note that majority and minority spin channels
are defined with respect to the NN Mn atoms to which Cr
couples antiferromagnetically (cf. Fig. 2). (b) Spin-resolved
LDOS of the s and pz states of the Cr adatom. (c) and (d)
orbital decomposition of the LDOS of the Cr adatom in terms
of the majority (up) and minority (down) states as well as the
orbital symmetry of the d-states. The orange up and down
arrows indicate majority- and minority-spin channels, respec-
tively.
seen in section III A, it develops a magnetic moment of
−1.54 µB upon adsorption on the Mn/W(110) surface.
Hence a spin splitting between its 3d states can be ob-
served due to hybridization with the substrate. The spin
resolved LDOS calculated in the vacuum for this adatom
is plotted in Fig. 10(a). It is mainly dominated by pz
and s states just below and above EF as evident from a
comparison with Fig. 10(b). Here contributions of both
spin channels become visible resulting in numerous oscil-
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Figure 10. (a) Spin-resolved LDOS in the vacuum calculated
6 A˚ above the V adatom on Mn/W(110) for an out-of-plane
magnetization direction, i. e., including SOC. The spin polar-
ization of the vacuum LDOS according to Eq. (2) is depicted
in red color. Note that majority and minority spin channels
are defined with respect to the NN Mn atoms to which V
couples antiferromagnetically (cf. Fig. 2) (b) Spin-resolved
LDOS of the s and pz states of the V adatom. (c) and (d)
orbital decomposition of the LDOS of the V adatom in terms
of the majority (up) and minority (down) states as well as the
orbital symmetry of the d-states. The orange up and down
arrows indicate majority- and minority-spin channels, respec-
tively.
lations in the curve of the spin polarization. While this
quantity is very small directly at EF with values up to
−38%, it also exhibits a large positive value of 62% at
0.45 eV above the Fermi level and large negative values
of up to −66% in the occupied regions.
In contrast to the neighboring Cr adatom, the Fermi
level of the V adatom is dominated by a prominent peak
of minority dyz states (see Fig. 10(c)), which can be found
outside of the presented energy region at ≈ 1 eV in the
11
case of Cr. Since this state decays quickly in the vacuum,
it is not visible at a height of 6 A˚ in the vacuum above the
V adatom. The striking dyz minority peak dominating
the LDOS of Cr at −0.5 eV (see Fig. 9(c)) is shifted to a
higher energetic position of 0.8 eV in the case of V which
can be attributed to both smaller spin splitting and less
electronic occupation.
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Figure 11. (a, b) Spin-resolved partial charge density calcu-
lated at a height of 3 A˚ above the Mn adatom on Mn/W(110)
in the energy interval [EF , EF + 0.1 eV]. (c, d) Spin-resolved
partial charge density calculated at a height of 3 A˚ above the
V adatom on Mn/W(110) in the energy interval [EF − 0.15,
EF − 0.05 eV]. Both majority and minority spin channels are
plotted on the same color scale in order to ensure compara-
bility of the two spin channels.
Now we turn our focus again to the question whether
both spin channels of a single adsorbed 3d TM adatom
on the Mn/W(110) substrate can be identified indepen-
dently in a SP-STM experiment. Our calculations of the
respective charge densities close to EF have shown that
just like for the Fe adatom this is not possible for Ni,
Mn and Cr either. Even though double-lobed dxz or-
bitals dominate the spin channels of the Mn and the Cr
adatom near EF [see Figs. 8(d) and 9(d)], they remain
hidden in the vacuum due to overlap with the s and the
dz2 states. This aspect is exemplified for the Mn adatom
in Figs. 11(a) and 11(b) in which the top view at a height
of 3 A˚ in the vacuum shows spherical orbitals for both
spin channels.
However, for the V adatom [Fig. 11 (c) and (d)] one can
observe the spherical and double-lobed structure found in
the SP-STM at small bias voltages for the majority and
the minority spin channel, respectively, seen in the case of
a Co adatom on Mn/W(110)22,24,41. As already shown by
means of the orbitally decomposed LDOS in Fig. 10(c),
the minority states of this adatom are characterized by a
prominent peak of dyz orbitals just below EF . A slice of
the charge density at its respective energetic position at
a height of 3 A˚ above the unit cell illustrates the charac-
teristic double-lobed structure along the [110] direction
in the minority spin channel, while a rotationally sym-
metric orbital becomes visible for the majority states (see
Figs. 11(c) and 11(d)). Hence, in SP-STM experiments
with a magnetic STM tip the spin orientation of the V
adatom could likely be similarly explicitly determined by
means of the orbital shape.
C. TAMR of 3d TM adatoms on Mn/W(110)
In this section we discuss the TAMR effect driven
by the adsorption of 3d TM adatoms on Mn/W(110).
As mentioned previously in section III B, we discuss the
TAMR effect within a small energy range (±1 eV) around
EF which is typically accessible to STM. We have cho-
sen the single magnetic Fe adatom and Mn adatom with
significant magnetic moments to demonstrate this effect
in detail.
The experimentally observed TAMR is defined as
[(dI/dV )⊥−(dI/dV )‖]/(dI/dV )⊥, where (dI/dV ) is the
differential conductance and ⊥ indicates a magnetization
direction perpendicular to the surface and ‖ indicates a
magnetization direction parallel to the surface. Within
the framework of the Tersoff-Hamann model53,54, using
the spectroscopic mode of an STM, the differential con-
ductance (dI/dV ) is directly proportional to the LDOS
at the tip position in the vacuum above the surface55.
By measuring the LDOS at a specific height z in the vac-
uum above an adatom with two different magnetization
directions - perpendicular to the surface (n⊥(z, )) and
in-plane along the [110] direction (n‖(z, )) - the value of
the TAMR is calculated as:
TAMR =
n⊥(z, )− n‖(z, )
n⊥(z, )
× 100% . (3)
1. TAMR of Fe adatom on Mn/W(110)
Figure 12(a) shows the spin-averaged LDOS calcu-
lated in the vacuum at a height of z = 6A˚ above the Fe
adatom with two different magnetization directions: out-
of-plane (perpendicular to the surface (n⊥(z, ))) and in-
plane (along to the [110] direction (n‖(z, )))56. Although
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Figure 12. (a) LDOS in the vacuum calculated 6 A˚ above the
Fe adatom on Mn/W(110) for out-of-plane (solid red line)
and in-plane (parallel to the [110] direction) magnetization
directions (dashed blue line). (b) TAMR effect obtained from
the data presented in (a) according to Eq. (3). (c), (d) and
(e) orbital decomposition of the LDOS of the Fe adatom in
terms of the majority (up) and minority (down) states as
well as the orbital symmetry of the p- and d-states. Solid
(dashed) lines correspond to the magnetization direction per-
pendicular (parallel) to the surface plane. The orange up and
down arrows indicate majority- and minority-spin channels,
respectively. Prominent peaks of the LDOS which will be in-
vestigated by means of a simple SOC model in section III C 3
are highlighted by shaded areas.
both curves look very similar, a closer inspection reveals
several differences. The most prominent difference can
be observed around −0.75 eV. Here, the in-plane mag-
netization component is dominant over the out-of-plane
component leading to a negative value of the TAMR of
−20% (see Fig. 12(b)) according to Eq. (3). More differ-
ences are observed in the energy range between −0.41 eV
and−0.33 eV leading to oscillatory TAMR values ranging
from −18% up to +14%. Around +0.1 eV, the anisotropy
of the vacuum LDOS exhibits a local minimum of −20%
again.
As already pointed out in section III B the largest con-
tribution to the LDOS in the vacuum comes from dz2
orbitals besides s and pz states due to their double-lobed
structure along the surface normal. Hence, the largest
part of the TAMR is created due to a modification of
those states from the Fe adatom, in particular from the
3d orbitals due to the nature of the element, but also from
a modification of the 3p states as we will show below. In
order to determine these orbital contributions, the or-
bitally decomposed LDOS of the Fe 3p and 3d states is
shown in Figs. 12(c)-12(e) for both magnetization orien-
tations. It is evident that the large peak of the vacuum
LDOS at −0.75 eV which is linked to a negative value
of the TAMR corresponds to the already discussed ma-
jority dz2 state. At the same energy position a minority
dxz state with discernible changes between n⊥ and n‖
is also found [Fig. 12(e)]. This observation hints at a
spin-orbit induced hybridization between the two states
generating the TAMR. From Fig. 12(c) it becomes also
clear that the local maximum of the majority pz orbitals
at −0.75 eV which was already found to hybridize with
the majority dz2 state is likewise affected by the rotation
of magnetization at this energy. There are also changes
in the px states in this energy range as seen in the shaded
area of Fig. 12(c). We will show below that the TAMR
in the pz states can be explained by SOC induced mixing
with the minority px states. Close to EF , the anisotropy
of the LDOS is created by the majority pz and dz2 states
as well whereas at higher energies above +0.4 eV only
pz states exhibiting a negligible TAMR dominate the
vacuum LDOS. The TAMR value becomes large around
+1 eV which is beyond the focus of the current investi-
gation.
2. TAMR of Mn adatom on Mn/W(110)
Next we investigate the effect of SOC on the local den-
sity of states of a single magnetic Mn atom adsorbed on
the Mn monolayer on W(110). In Fig. 13(a) the spin-
averaged vacuum LDOS calculated at 6 A˚ above the Mn
adatom is plotted for its two different magnetization di-
rections. Again both curves almost coincide apart from a
few barely noticeable differences occurring between −0.9
eV and −0.8 eV, −0.35 eV as well as −0.26 eV. These
changes correspond to a moderate TAMR with maximum
values ranging from −26% up to +18% below EF which
is slightly higher than for the Fe adatom due to the larger
spin splitting.
A closer look at the orbital decomposition of the LDOS
of the Mn adatom (see Figs. 13(c), 13(d) and 13(e)) re-
veals that the first peak in the TAMR at −0.9 eV origi-
nates from a shift of the dominant majority dz2 state to-
wards higher energies upon rotation of the magnetization
from out-of-plane to in-plane along the [110] direction.
The same behavior can be observed for the majority pz
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Figure 13. (a) LDOS in the vacuum calculated 6 A˚ above the
Mn adatom on Mn/W(110) for out-of-plane (solid red line)
and in-plane (parallel to the [110] direction) magnetization
directions (dashed blue line). (b) TAMR effect obtained from
the data presented in (a) according to Eq. (3).(c), (d) and
(e) orbital decomposition of the LDOS of the Mn adatom
in terms of the majority (up) and minority (down) states as
well as the orbital symmetry of the p- and d-states. Solid
(dashed) lines correspond to the magnetization direction per-
pendicular (parallel) to the surface plane. The orange up and
down arrows indicate majority- and minority-spin channels,
respectively. Prominent peaks of the LDOS which will be in-
vestigated by means of a simple SOC model in section III C 3
are highlighted by shaded areas.
state again at the same energetic position. The TAMR at
the above mentioned other energies is due to interactions
between dz2 and dxz states of both spin channels but also
due to magnetization-direction dependent differences in
the pz states [Fig. 13(c)]. The anisotropy of the LDOS
above EF taking values from −18% to +20% at +0.11 eV
and +0.37 eV, respectively, can similarly be attributed to
changes in the dz2 states of both spin directions. Above
+0.4 eV contributions from the pz states come into play
again as for the Fe adatom.
We have also investigated the TAMR for the other
3d TM adatoms adsorbed on Mn/W(110) similar to the
above mentioned cases (not shown). Our calculations re-
veal that the TAMR exhibits modest values for Ni rang-
ing from −24% up to +15%. Although Ni might have
an increased SOC strength compared to Fe and Co, the
spin splitting between the orbitals that can interact via
SOC is significantly smaller due to the small moment of
0.39 µB . Analyzing the electronic structure influenced by
SOC of a Cr and V adatom adsorbed on Mn/W(110) we
found moderate values for the anisotropy of the LDOS as
well. While the TAMR ranges from −27% up to +16% in
the case of Cr, it shows values of −17% up to +18% for
V. Thereby the V adatom exhibits the lowest anisotropy
of its LDOS in comparison with all the other 3d elements
studied in this paper which is in good agreement with its
smallest SOC constant.
3. Modelling the TAMR of 3d adatoms
The TAMR of 3d transition-metal adatoms on
Mn/W(110) can be explained using an analytically solv-
able tight-binding model37. This model is described by
the localized surface atomic states interacting via SOC:
(E · 11−H − Σ)G(E) = 1 (4)
The diagonal elements of the Hamiltonian matrix, H, can
be written as follows
H =
(
1 −t
−t 2
)
(5)
where 1 and 2 are the energies of the two states and t is
the hopping term between them depending on the spin-
quantization axis due to SOC. The non-Hermitian self-
energy matrix, Σ, in Eq. (4) can be described as follows
Σ =
(
iγ1 0
0 iγ2
)
(6)
The diagonal elements of the above matrix describe the
broadening of the peaks arising due to the hybridization
of the atomic states with the substrate. The diagonal
elements of the Green’s function matrix, G11 and G22,
provide the LDOS, n1(E) and n2(E), of the two above
mentioned states, respectively, and are given by
ni(E) = − 1
pi
Im (Gii(E)) (7)
We use the Fe and the Mn adatom on Mn/W(110)
as an example to illustrate the above mentioned model.
Here, we consider two prominent peaks of states with
different orbital symmetry and spin orientation from the
LDOS of the DFT calculation, respectively. If both states
are located nearly at the same energy and their curves
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Figure 14. (a, b, c) LDOS calculated by means of the simplified model of two localized atomic surface states with different
orbital symmetry, dz2 or pz (orange) and dxz or px (blue), interacting via SOC for the case of (a, b) a Fe adatom and (c) a
Mn adatom on Mn/W(110). The solid (dashed) lines correspond to the magnetization perpendicular (parallel along [110]) to
the surface plane. (d, e, f) Comparison of the TAMR calculated according to Eq. (3) for the dz2 state shown in (a) and the
pz state shown in (b) and (c) (black solid lines) and the corresponding TAMR in the vacuum from the DFT calculations (red
dashed lines).
Table III. Parameters (in eV) extracted from the DFT calcu-
lations for modeling the TAMR of an Fe and a Mn adatom
on Mn/W(110) within the tight-binding model. γ1 and γ2 de-
scribe the broadening of the two adatom states under study,
whereas 1 and 2 are their respective energies. For the Fe d
(p) states 1 gives the energy of the majority dz2 (pz) state
and 2 the minority dxz (px) state. For the Mn p states 1
denotes the majority px and 2 the majority pz state. t‖ and
t⊥ represent the hopping term between them due to SOC for
a magnetization direction in-plane (‖) or out-of-plane (⊥).
γ1 γ2 1 2 t‖/t⊥
Fe d-states 0.066 0.070 −0.754 −0.763 0/0.035
Fe p-states 0.070 0.090 −0.754 −0.793 0/0.040
Mn p-states 0.060 0.107 −0.343 −0.362 0.040/0
show similar magnetization direction dependent changes,
they are likely to hybridize by means of SOC if the HSOC
matrix element allows.
For the case of the Fe adatom, we examine the changes
induced in the LDOS of the dominant majority dz2 and
minority dxz state at approximately −0.75 eV upon ro-
tation of the magnetization direction (see Figs. 12(d)
and 12(e)). Their respective broadening and energetic
positions are extracted from the data of the DFT cal-
culation and listed in Table III. The dependence of the
hopping term t on the magnetization direction given by
spherical coordinates (θ, φ), i.e. the mixing of states with
the above mentioned symmetry, is given by the SOC ma-
trix element57:∣∣∣〈↑, d2z|HSOC|dxz, ↓〉∣∣∣ = 12
√
3
(
cos2 φ+ cos2 θ sin2 φ
)
(8)
with HSOC = ξL ·S denoting the Hamiltonian of SOC, ξ
is the strength of this interaction. L and S are the opera-
tors of the angular momentum and the spin, respectively.
It vanishes for an in-plane magnetization along the [110]
direction (φ=90◦, θ=90◦) and becomes maximal for the
out-of-plane component (φ=0◦, θ=0◦). The strength of
SOC for the 3d transition metals studied in this paper is
in the order of 20 to 70 meV58, which is why the hopping
term t is taken as t‖ = 0 meV for the in-plane and t⊥ = 35
meV for the out-of-plane magnetization direction.
The result of this simplified model for the Fe adatom
on Mn/W(110) is shown in Fig. 14(a). It is evident
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that the model reproduces the LDOS of the two in-
volved states calculated by means of DFT [cf. shaded
areas in Figs. 12(d) and 12(e)] very well. The peaks of
the modelled dz2 and dxz states are enhanced for the
in-plane magnetization direction compared to the out-
of-plane magnetization direction in agreement with the
symmetry of the mixing parameter t leading to a negative
TAMR of −26%.
In this model the anisotropy of the LDOS is evaluated
by taking only the majority dz2 state into account due
to its greater extent in the vacuum compared to the dxz
state. Nonetheless the sign of the TAMR matches the
results of DFT from the vacuum in an energy window
between −0.82 eV and −0.65 eV which is highlighted
by the red dashed line. Outside this small energy range
the LDOS curve from the DFT calculation is much more
complicated since it covers interactions from more than
two states which cannot be described accordingly by this
simplified model. As the model TAMR also neglects the
influence of the minority dz2 states (as well as the pz or-
bitals) at this position, its magnitude exceeds the maxi-
mum value of −20% from the DFT calculation which is
lower due to canceling effects between the two spin chan-
nels. At this point we emphasize that the present system
thereby shows not only a spin-orbit induced mixing of
states with different orbital symmetry but additionally a
spin mixing between majority and minority channel.
A similar model calculation can be applied to the
majority pz state of the Fe adatom exhibiting the
same magnetization-direction dependent changes of the
LDOS at the same energy position (see shaded area in
Fig. 12(c)). The SOC matrix element describing an or-
bital and spin mixing between p states with different sym-
metry takes the form40:∣∣∣〈↑, pz|HSOC|px, ↓〉∣∣∣ = √cos2 φ+ cos2 θ sin2 φ. (9)
As in the case of the matrix element for the 3d states,
it vanishes for an in-plane magnetization direction and
yields a non-zero value for the out-of-plane magnetization
along the surface normal. Note that a mixing between py
and pz orbitals is not possible on the Mn/W(110) surface
for the two considered magnetization directions under
study due to the form of the matrix elements. The model
calculation for the Fe p states shown in Fig. 14(b), using
values of t‖ = 0 meV and t⊥ = 40 meV, is again in good
agreement with the DFT calculation from Fig. 12(c). The
peaks for both majority pz and minority px states are
enhanced for the in-plane magnetization compared to
the out-of-plane component causing a negative TAMR
that matches with the DFT result not only in sign and
order of magnitude but also in energetic position (see
Fig. 14(e)). This observation supports the idea of a hy-
brid pz-d
2
z state. Under the influence of SOC it then also
hybridizes with p and d states of different symmetry and
as a consequence both types of orbitals contribute to the
TAMR.
Similar to the case of a Fe adatom and consistent with
previous observations in Section III B 4 concerning the
spin polarization, the TAMR of a Mn adatom on the
Mn/W(110) surface can be explained by magnetization
direction dependent mixing of p orbitals of the adatom
dominating at energetic positions closer to EF . Proceed-
ing in the same way as before, we consider two peaks
of majority px and pz states at approximately −0.35 eV
this time (see shaded areas in Figs. 13(c)). Their broad-
ening and energies calculated from the DFT are listed in
Table III and the matrix element describing only orbital
mixing via spin-orbit interaction between states of the
mentioned orbitals is now given by40:∣∣∣〈↑, pz|HSOC|px, ↑〉∣∣∣ = sin θ sinφ. (10)
It vanishes for the out-of-plane magnetization direc-
tion (φ=0◦, θ=0◦) and becomes maximal for the in-plane
magnetization direction aligned to the [110] direction
(φ=90◦, θ=90◦). The strength of SOC is in the same
order as for the Fe adatom. Therefore, the mixing pa-
rameter, t, is taken as t⊥ = 0 meV for the out-of-plane
magnetization direction and t‖ = 40 meV for the in-
plane magnetization direction, respectively. The result-
ing model is illustrated in Fig. 14(c). Again the LDOS
of the two states is in good agreement with the results of
the DFT calculation [cf. Figs. 13(c)] with the peaks for
the out-of-plane magnetization direction being enhanced
and slightly shifted in energy compared to the in-plane
magnetization direction in accordance with the values of
the mixing parameter t. This behavior leads to a posi-
tive TAMR of +20% at −0.35 eV for the pz state thereby
slightly exceeding the maximum value of +18% at −0.36
eV calculated by DFT.
Consequently the simplified model of two localized
atomic surface states demonstrates that the TAMR for Fe
and Mn adatoms on Mn/W(110) is generated by a spin-
orbit induced hybridization between 3p and 3d states of
different orbital character and different spin for the case
of the Fe adatom and 3p states with different orbital, but
same spin character for the case of a Mn adatom.
IV. CONCLUSION
In summary, we have presented a systematic investiga-
tion of the electronic structure, magnetic properties, and
spin polarization at the vacuum for the adsorption of sin-
gle 3d TM adatoms on a Mn monolayer on W(110) by
means of first-principles density functional theory calcu-
lations. Apart from that, we also studied the TAMR for
the 3d TM adatoms adsorbed on Mn/W(110). The natu-
ral noncollinear magnetic ground state of the Mn/W(110)
surface which takes the form of a cycloidal 173◦ spin spi-
ral has been approximated locally as a collinear antifer-
romagnet in order to examine its interaction with the
adsorbed adatoms. The calculation of the TAMR has
been restricted to two limiting cases of the magnetization
direction of the respective adatom: (i) perpendicular to
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the surface (out-of-plane) and (i) parallel to the [110] (in-
plane) direction which presents the propagation direction
of the spin spiral. To benchmark our results, we have
considered the adsorption of Co adatom on Mn/W(110).
Our calculated results match well with the previously
published results of Co adatom on Mn/W(110)41.
Our analysis of the calculated electronic structure and
magnetic properties indicates that the ferromagnetic cou-
pling between the adsorbed 3d TM adatoms and the NN
Mn atoms is energetically favorable in case of Mn, Fe, Co
and Ni, whereas for V and Cr the antiferromagnetic align-
ment has lower energy. Additionally it becomes clear
that the magnetic moments of the 3d TM adatoms fol-
low the trend of Hund’s first rule with Mn in the middle
of the series exhibiting the largest moment. We also ob-
serve strong hybridization between the 3d TM adatoms
and the Mn atoms of Mn/W(110) surface. Large values
of the spin polarization of the LDOS at the surface as
well as in the vacuum have also been observed due to the
strong hybridization. While the 3d states of the adatom
mainly contribute to this quantity further away from EF
owing to their large spin splitting, pz and s states domi-
nate at EF in the vacuum causing high positive values of
spin polarization up to 63% for Mn, Fe, Co and Ni. Due
to the AFM coupling with the NN Mn atoms, states of
the same symmetry lead to large negative values in the
spin polarization of up to −73% in the case of Cr and
V. Furthermore, differences with respect to the orbital
occupation and spin splitting are clearly discernible by
means of prominent peaks being shifted in the LDOS of
the respective adatom.
Due to their small atomic number all adatoms exhibit
only a slight anisotropy of the LDOS leading to only
modest values of the TAMR. In case of the Fe adatom,
TAMR rises up to 20% at 0.75 eV below EF whereas for
V adatom even smaller maximum values of 18% were de-
tected owing to the smallest atomic number of all studied
adatoms. The largest TAMR value of 27% was obtained
for the Cr adatom in accordance with its large magnetic
moment. In all cases the largest contribution to the
TAMR can be attributed to a magnetization-direction
dependent modification of dz2 and pz orbitals since states
of this symmetry mainly preponderate in the vacuum.
The origin of the TAMR effect occurring for the 3d
elements can be explained on the basis of a simplified
model considering two localized atomic surface states of
different orbital symmetry that interact via SOC. Es-
pecially for an Fe and a Mn adatom adsorbed on the
Mn/W(110) surface it can be ascribed to a spin-orbit
induced hybridization between majority dz2 and minor-
ity dxz states and majority pz and minority px states in
the former case and to a hybridization mediated by SOC
only between majority px and pz states for the latter. In
contrast to previous work on the TAMR of 3d transition-
metal adatoms37,41 we find both SOC induced mixing of
opposite spin channels and a significant effect of p states
to the TAMR.
Furthermore, our analysis of the 3d transition-metal
adatom partial charge densities in the vicinity of the
Fermi energy have shown that the spin orientation of
the respective adatom can be distinguished in SP-STM
experiments at low bias voltages for the case of the V
and Co adatom only.
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